The transneuronal tracer pseudorabies virus was used to test the hypothesis that connections from the cervix to the forebrain and hypothalamus are maintained with pregnancy. The virus was injected into the cervix of nonpregnant or pregnant mice and, after 5 days, virus-labeled cells and fibers were found in specific forebrain regions and, most prominently, in portions of the hypothalamic paraventricular nucleus. With pregnancy, fewer neurons and fibers were evident in most brain regions compared to that in nonpregnant mice. In particular, little or no virus was found in the medial and ventral parvocellular subdivisions, anteroventral periventricular nucleus, or motor cortex in pregnant mice. By contrast, labeling of virus was sustained in the dorsal hypothalamus and suprachiasmatic nucleus in all groups. Based upon image analysis of digitized photomicrographs, the area with label in the rostral and medial parvocellular paraventricular nucleus and magnocellular subdivisions was significantly reduced in mice whose cervix was injected with virus during pregnancy than in nonpregnant mice. The findings indicate that connections from the cervix to brain regions that are involved in sensory input and integrative autonomic functions are reduced during pregnancy. The findings raise the possibility that remaining pathways from the cervix to the forebrain and hypothalamus may be important for control of pituitary neuroendocrine secretion, as well as effector functions in the cervix as pregnancy nears term.
INTRODUCTION
Innervation of the cervix is important for a variety of physiological process related to reproduction and nociception. Afferent fibers in the cervix convey sensory information to the thoracolumbar spinal cord through the hypogastric, pelvic, and vagus nerves (Ortega-Villalobos et al., 1990; Steinman et al., 1992; Komisaruk et al., 1996; Cueva-Rolon et al., 1996; Papka et al., 1998; Lee & Erskine, 2000; Puder & Papka, 2001; Wiesel et al., 2004) . These nerves mediate important functions related to pain perception, neuroendocrine secretion of oxytocin, and the fetal expulsion. By contrast to the marked decrease in innervation of the uterus with pregnancy (Wikland et al., 1984; Haase et al., 1997; Klukovits et al., 2002) , the cervix is well innervated in individuals that are not pregnant, as well as throughout pregnancy and near term in a variety of species (Bryman et al., 1987; Tingaker et al., 2006) . Moreover in rodents, the greatest presence of nerve fibers in the cervix is found by the day before birth compared to that earlier in pregnancy or in nonpregnant controls (Kirby et al., 2005; Yellon et al., 2008; Boyd et al., 2009) ). The increase in nerve fibers in the preterm cervix temporally correlates with processes that are hypothesized to be critical for remodeling of the cervix, including immigration of immune cells, degradation of extracellular collagen matrix, and changes in biophysical capabilities to allow sufficient stretch for birth (Leppert, 1995; Mackler et al., 1999; Yellon et al., 2003; Buhimschi et al., 2004) . Innervation is also important for the birth process because remodeling of the cervix is forestalled and parturition disrupted after transection of the parasympathetic pelvic nerve (Higuchi et al., 1987; Mackay et al., 2009) or vagus nerve (Yellon et al., 2009) , but not the sympathetic hypogastric nerve (Boyd et al., 2009) . The potential importance of innervation for the birth process is countered by a lack of information from neural tract tracing studies of connections with the cervix during pregnancy.
Page 3 of 30 REP-10-0002R1 Yellon et al 4 Central nervous system innervation of the uterine-cervix has been extensively studied in nonpregnant females. Areas of the forebrain and hypothalamus receive input from the lower thoracic and upper lumbar spinal cord either directly or via relays in the brainstem (Burstein et al., 1990; Lee & Erskine, 2000) . These nuclei in the brainstem also project to the pelvic viscera through the vagus nerve (Ortega-Villalobos et al., 1990; Hubscher & Berkley, 1995) . Recent evidence indicates that sensory and autonomic connections from the thoracolumbar spinal cord to the murine cervix are reduced with pregnancy (Kirby et al., 2009) . Fewer cells and fibers in the spinal cord that project to the cervix during pregnancy suggest that processing and transmission of information to the brain are reduced. However, connections between the cervix and the intermediolateral column, a descending pathway in the autonomic region of the spinal cord, were sustained with pregnancy. Accordingly, the main objective of the present study was to determine the extent to which central nervous system connections are maintained with the cervix during pregnancy. The retrograde transport of pseudorabies virus was used to identify brain areas that are directly or indirectly connected to primary neurons with terminal fibers in the cervix. This virus has served as a transneuronal tracer because it is rapidly taken up by nerve terminals, transported to the cell nucleus for replication, and in the process, infect other neurons that synapse on virus-containing neurons (Card et al., 1993; Toth & Palkovits, 1997; Enquist, 2002) . This approach was used to test the hypothesis that neural connections between the brain and cervix are reduced with pregnancy. The findings suggest a general reduction in central pathways that innervate the cervix with pregnancy and raise the possibility that remaining connections from specific locations may be important in the process of parturition.
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RESULTS
Cell bodies and neuronal processes in the brain were labeled following injection of pseudorabies virus into the cervix. Labeled neurons had a variety of morphologies while fine fibers represented dendritic projections or thin axonal projections (Figure 1 ). These structures were well preserved and counterstained, helping to identify relevant neuroanatomical landmarks. Immunoreactive particles partially or completely filled neuron cell bodies and their processes (Figure 1 insets); isolated fibers with beaded varicosities were often evident. Clustering or overlap of morphological features precluded an accurate count of labeled neurons. Virus-labeled cell bodies and fibers were scattered or isolated in the periventricular area and various hypothalamic nuclei in all mice, as well as in the medial preoptic area in most mice. In each of these areas, immunoreactivity was more prevalent within and over multiple sections in nonpregnant controls compared to that in mice that had been injected with virus into the cervix during pregnancy. Virus-labeled cells and fibers were also present in the anteroventral periventricular area and sparse or isolated in the somatosensory and primary motor cortex in nonpregnant mice and in most mice in the Day 15 groups, but absent in mice in the Day 18 group. An example of diminished presence of label in the anterior hypothalamus with pregnancy is shown in Figure 2 (left panels). By contrast, immunoreactive cell bodies and fibers were prevalent in the dorsomedial hypothalamus of both groups of pregnant mice, but less abundant in nonpregnant controls. Finally, in the suprachiasmatic nucleus of the hypothalamus, a few virus-labeled neuron cell bodies and/or fibers were consistently present in sections from all mice across groups, specifically in the dorsal apex and occasionally in medial portions of the nucleus (Figure 2 , right panels). Stain for pseudorabies virus was found sporadically in a few mice irrespective to group in the bed nucleus of the stria terminalis, retrochiasmatic area, and amygdala, but in no other locations. Compared to findings in nonpregnant mice, labeled neurons and processes were, in general, similarly distributed in the paraventricular nucleus of mice injected with virus into the cervix on day 15 or 18 of pregnancy. However, virus-labeled cells and fibers in most regions of the paraventricular nucleus were markedly reduced and more sparsely distributed in pregnant D15 and 18 groups. Pseudorabies virus was prominent, though markedly reduced in the rostral anterior parvocellular subdivision in the day 15 and day 18 groups compared to that in nonpregnant mice. Few labeled cells were found in the ventral parvocellular portion in the day 15 group and virus was nearly absent in this region in the day 18 group. In middle and caudal areas in groups whose cervix was injected with pseudorabies virus during pregnancy, the density of labeled cells and fibers was reduced in lateral and medial magnocellular subdivisions, as well as in the posterior parvocellular subdivision relative to that in nonpregnant mice. In both middle Pixilated images accurately reflected the area of pseudorabies virus-labeled neuron cell bodies and larger fibers in photomicrographs of the paraventricular nucleus among groups. Figure 4 represents digitized images for photomicrographs in Figure 3 . The area of virus labeled structure was calculated from the number of pixels that met threshold criteria multiplied by the calibrated area/pixel. The sum total area of label in the paraventricular nucleus was reduced in mice that had pseudorabies virus injected into the cervix when pregnant compared to that in nonpregnant controls (p<0.05). In rostral, middle and caudal regions of the paraventricular nucleus, the area that contained virus was not significantly different in Day 15 versus Day 18 groups. Across the rostral and middle extent of the paraventricular nucleus, the area with virus was reduced in the 
DISCUSSION
Pseudorabies virus has proven useful for studies of multi-synaptic pathways from reproductive structures to the central nervous system. In the present study, a standardized method to deliver virus into the cervix revealed connections to specific brain locations while image analyses provided replicable estimates of the area of pseudorabies virus label within the paraventricular nucleus among individuals in different groups of mice. The presence of virus in rostral forebrain areas in nonpregnant and pregnant mice suggests that transport, rate of infection, and replication of virus was not affected by pregnancy. Evidence further suggests that supraspinal connections to the cervix in nonpregnant mice were comparable to previous studies in nonpregnant rats after pseudorabies virus was injected into both the uterus and cervix (Papka et al., 1998; Collins et al., 1999; Lee & Erskine, 2000) . Thus, the present results are the first to indicate that the cervix, when injected with a retrograde tract tracer, is innervated by specific brain regions. With respect to pregnancy, injection of pseudorabies virus into a uterine horn resulted in the reduced number of labeled neurons in the brain compared to that in nonpregnant rats (Wiesel et al., 2004) . This finding is consistent with evidence that the uterus is virtually denervated as pregnancy progresses. By contrast, the cervix remains well-innervated throughout pregnancy (Kirby et al., 2005; Yellon et al., 2008; Boyd et al., 2009 ), a likely consequence of local proliferation of fibers in the cervix by fewer sensory and autonomic connections between the spinal cord and cervix as term approaches (Kirby et al., 2009 ). Reductions in virus-labeled cells and fibers in most brain regions with pregnancy in the present study are consistent with findings in the spinal cord.
These results support the second major finding that fewer neurons and fibers in the forebrain and hypothalamus are part of the multi-synaptic pathway that innervates the cervix during pregnancy as compared to a more diverse and complex connectivity in nonpregnant mice. (Giesler, Jr. et al., 1984; Jancso, 1992) . The paraventricular nucleus and various forebrain nuclei receive projections from the medulla and thoracolumbar spinal cord (Schwanzel-Fukuda et al., 1984; Wagner & Clemens, 1991) . In rodents, neurons in the parvocellular subdivisions of the paraventricular nucleus primarily express oxytocin or vasopressin (Silverman & Pickard, 1983; Simerly, 1995; Armstrong, 1995) . Within the paraventricular nucleus, axons of parvocellular neurons extensively innervate other intrinsic parvocellular neurons and magnocellular portions of the nucleus (Van den Pol, 1982) . Various parvocellular subdivisions also project through the caudal portions of the paraventricular nucleus and dorsal hypothalamus into a long descending pathway to autonomic relay centers in the hindbrain of Page 9 of 30 REP-10-0002R1 Yellon et al 10 rodents (Sawchenko & Swanson, 1983; Silverman & Pickard, 1983) . These relay centers, the nucleus of the solitary tract and dorsal vagal complex in particular, project to the intermediolateral column of the spinal cord and vagus nerve. Diminished or loss of connections from the cervix to the medial or ventral parvocellular paraventricular nucleus, respectively, with pregnancy suggests a major reduction in integration of sensory input and autonomic function as term approaches. In rats, such connections in the hindbrain integrate cardiovascular sensory input and regulate parasympathetic control of blood flow to peripheral organs (Sawchenko & Swanson, 1983; Bittencourt et al., 1991; Papka et al., 1998) . It remains to be determined whether neural input to the prepartum cervix have effector functions that regulate blood flow, or immigration of immune cells, or vascular permeability at parturition.
In magnocellular subdivisions of the paraventricular nucleus, neurons are topologically segregated and principally project to the median eminence and posterior pituitary. This projection constitutes a final common pathway through the periventricular region as part of the neuroendocrine reflex that controls oxytocin and vasopressin secretion (Swanson & Sawchenko, 1983) . Reduced input to this nucleus may promote intranuclei synchronization of burst activity by neurons responsible for enhanced oxytocin secretion at term (Higuchi & Okere, 2002) .
Magnocellular cells also provide afferent fibers to the median eminence to affect anterior pituitary ACTH release (Zimmerman et al., 1977; Silverman & Pickard, 1983 ). However, a proportion of magnocellular neurons, most of which are immunoreactive for neuronal nitric oxide synthetase, project to the spinal cord to regulate sympathetic output to the periphery (Krukoff, 1998; Nylen et al., 2001) . This projection may contribute to the increased presence of nitric oxide synthetase-immunoreactive nerve fibers in the cervix by the day before birth (Kirby Page 10 of 30 et al., 2005) . Although the importance of a magnocellular nitrinergic pathway for remodeling of the preterm cervix has yet to be determined, substantial sensory and autonomic connections from the prepartum cervix to magnocellular neurosecretory cells are evident at the conclusion of pregnancy. Thus, fewer inputs may focus integration of signals in the magnocellular subdivision to affect posterior pituitary oxytocin release and, as part of the Ferguson reflex, promote uterine contractility for expulsion of the fetus (Akaishi et al., 1988; Russell et al., 2003) .
A decline in sensory or autonomic input to the paraventricular nucleus could also account for diminished or loss of virus with pregnancy in the medial preoptic area, anteroventral periventricular area, somatosensory and primary motor cortex (M1), as well as in the anterior, lateral, and ventromedial hypothalamic nuclei. In rats, these areas are reported to project to the paraventricular nucleus and are involved in cardiovascular responses, fluid homeostasis, and electrolyte metabolism (Swanson & Sawchenko, 1983; Simerly, 1995) . A reduction in extrahypothalamic connections to the paraventricular nucleus raises the possibility that cervical remodeling and powerful contractions of labor may have a diminished effect on these physiological processes at term. In another respect, the loss of connections between the cervix and both medial preoptic area and anteroventral periventricular areas in pregnant groups may be of particular interest since these areas contain substantial numbers of cells that bind gonadal steroid hormones (Warembourg, 1978; Numan et al., 1999; Francis et al., 2002) .
Lack of evidence for progesterone receptors in the paraventricular nucleus, raises the possibility that reduced connections from regions that contain progesterone receptors and project to the paraventricular nucleus, along with a decline in progesterone in circulation at term (Virgo & Bellward, 1974) , may contribute to a novel mechanism for central withdrawal of the actions of progesterone. The impact of a Page 11 of 30 systemic progesterone withdrawal on neural regulation of processes associated remodeling of the cervix and with parturition remains to be determined. Importantly, a stable connection between the suprachiasmatic nucleus and the cervix appears to be maintained during pregnancy. Labeled cells and fibers were consistently found in the suprachiasmatic nucleus of the hypothalamus of all mice after the injection of virus into the cervix of nonpregnant and pregnant groups. The suprachiasmatic nucleus projects to portions of the parvocellular paraventricular nucleus as part of a descending oxytocinergic pathway to the intermediolateral column of the spinal cord (Swanson & Cowan, 1975; Klein et al., 1983; Papka et al., 1998; Buijs et al., 2003) . The suprachiasmatic nucleus, serves as the master pacemaker for neural and endocrine rhythms that mediate photoperiodic regulation of physiological functions that are season-specific (Weaver, 1998) . Both the onset of labor and hour of birth in humans, as well as many animal species, is related to time of day (Reppert et al., 1987; Longo & Yellon, 1988) . Evidence in a variety of species suggests that a circadian timekeeping mechanism predisposes birth to occur during the inactive phase of the light-dark cycle. Sustained connections from the cervix to the hypothalamic suprachiasmatic nucleus during pregnancy suggests that circadian timekeeping information may, in addition to regulating relevant endocrine rhythms in pregnancy, e.g., the melatonin rhythm (Yellon & Longo, 1987; Apostolakis et al., 1993) , directly affect timing of processes associated with remodeling of the cervix in preparation for birth.
In summary, evidence indicates a reduction in forebrain and hypothalamic innervation of the cervix with pregnancy. The decline in paraventricular nucleus connections with the cervix likely reflects reduced transmission and, conceivably, processing of sensory and autonomic information Page 12 of 30 REP-10-0002R1 Yellon et al 13 from the thoracolumbar spinal cord with pregnancy. Although reduced as pregnancy nears term, the remaining central nervous system innervation of the cervix may be critical for various functions of the paraventricular nucleus which involve magnocellular control of pituitary neurosecretion and neuroendocrine activity, as well as parvocellular processing that regulate autonomic reflexes. The present findings also support the hypothesis that remaining central nervous system connections with the cervix during pregnancy may contribute to circadian influences on neuroimmune processes that remodel the cervix and time parturition.
METHODS
Adult C3H/HeN mice were purchased from Charles River Laboratories (Wilmington, DE) and housed individually with free access to food and water. Procedures were the same as previously reported in a study of spinal cord connections with the cervix (Kirby et al., 2009 ). The experimental protocol was approved by the Loma Linda University Animal Care and Use Committee, as well as the Biosafety and Hazardous Materials according to NIH Guidelines for the care and use of laboratory animals.
Procedures to trace connections between the cervix and brain
Procedures in the present study follow those previously described (Kirby et al., 2009) and follow those used to retrogradely trace multi-synaptic pathways that innervate the uterine cervix (Papka et al., 1998; Lee & Erskine, 2000) . Mice were anesthetized with Nembutal (2 mg/kg), secured on an operating platform, and fresh pseudorabies virus (approximately 5 μL of 1x10 6 pfu Bartha K strain herpes A virus, gift of original culture from Dr. Lynn Enright) directly injected into the cervix using a specially-designed vaginal speculum over a 15-min period. After 5 days, mice were euthanized Page 13 of 30 REP-10-0002R1 Yellon et al 14 with CO 2 , perfused through the heart with warm saline then 4% paraformaldehyde. A 5-day survival period was empirically determined to be sufficient to label hypothalamic neurons following injections of virus into the cervix and follows the same time-course used by others to trace central innervation of peripheral structures (Strack & Loewy, 1990; Aston-Jones & Card, 2000) . Brains were post-fixed overnight, immersed in 30% sucrose until saturated, embedded in OCT (Sakura Finetek, Torrance, CA), and every fourth cryostat section (20 μm) processed by immunohistochemistry to identify pseudorabies virus-labeled cells and fibers by immunohistochemistry. Protocol specifications were the same as those used previously for primary antibody (1:10 000 dilution; provided by Dr. Lynn Enquist), biotinylated donkey anti-rabbit secondary antibody (1:600; Fitzgerald Industries International, Concord, MA; formally Research Diagnostics Inc.), and a 0.32% biotin/avidin horseradish peroxidase (Vectastain Elite ABC Kit, Vector Labs, Burlingame, CA). Sections not incubated with primary antisera served as a negative control. All sections were counterstained with cresyl violet acetate to identify cell nuclei then coverslipped with Permount mounting medium.
Based upon cervix morphology, nonpregnant mice were in diestrus or early proestrus phase of the ovarian cycle, i.e., increased estradiol and relatively low progesterone in circulation compared to that during estrus or pregnancy. Immunoreactive pseudorabies virus was present in 85% of the brains of all mice that received cervical injections of virus. In the cervix, immunoreactive label was found exclusively in cells that morphologically resembled monocytic phagocytes; virus was absent from adherent tissue and immediate proximal sections of the uterine body. Injection of pseudorabies virus into the cervix of rodents does not interfere with overall health or processes associate with parturition including cervical ripening and the normal Page 14 of 30 timing of birth; pregnant mice gave birth to viable pups by the morning of day 19 post-breeding, typical of a normal gestation and parturition.
Image analysis of pseudorabies virus in forebrain and hypothalamus
Brain sections were viewed under brightfield with a Zeiss Axio Imager A1 microscope.
Photomicrographs were taken with an Apogee camera using a 10x objective. Neuroanatomical locations of pseudorabies virus-infected cells and their fibers, darkly stain structures against a relatively clear background of violet counterstained nuclei as described by Kobayashi (1998) , were qualitatively assessed by comparison to murine brain atlases (Sidman et al., 1983; Paxinos & Franklin, 2004) . To assess the area of cells and fibers that were virus-labeled, Image Pro Plus software (Version 6, Media Cybernetics, L.P. Silver Springs, MD) was used to convert photomicrographs into a digitized image. Specific stain was differentiated from background based upon grey scale threshold settings for color, as well as minimum and maximum numbers of pixel clusters. This approach was originally based upon procedures of Cummings and Cotman (1995) to quantify area of beta-amyloid deposits in the brain of Alzheimer's patients and avoids technical concerns related to variability in intensity of stain between sections or immunohistochemistry runs, as well as subjectivity in enumeration of neurons and fibers based upon morphological criteria.
In the present study, brain sections were analyzed in each mouse/group (2 each for rostral, middle, and caudal regions). The number of pixels that were labeled times the calibrated area of 1.61 ȝm 3 /pixel in the 10x brightfield lens field of view was used to estimate the total area of pseudorabies virus in each region of interest. Settings for filter-range and color selection (histogram) were consistently used for all sections to control for variability. Accuracy and Page 15 of 30 REP-10-0002R1 Yellon et al 16 replicability of data were determined to exceed 95% with respect to tests of comparisons at 20X and 40X power, as well as using the Image Pro Plus 6 eyedropper method to set color threshold in a series of sections that were compared between two independent investigators blind to the experimental design. Although pixilation of digitized images accurately reflected the density and distribution of virus label in photomicrographs of stained sections, the analysis is likely to underestimate the total area with virus because thin fibers and small punctate structures that were seen at higher magnification, e.g., partial cell bodies, dendrites, and small diameter axons, were typically below the limit of sensitivity for detection. For statistical analysis, image analysis data were compared by Student's t-test; p<0.05 was considered statistically significant. Paxinos and Franklin (Paxinos & Franklin, 2004) . Pixels with pseudorabies virus label were counted to calculate the area of the paraventricular nucleus with cells and fibers that were infected 5 days after injection of virus into the cervix. Small structures and isolated thin fibers were often below the limit of detection. Scale bar is 50μm. 
